Abstract. During their transport from the endoplasmic reticulum to lysosomes, newly synthesized acid hydrolases are phosphorylated in the Golgi apparatus to generate a common recognition marker, mannose 6-phosphate (Man 6-P). The phosphorylated acid hydrolases then bind to the Man 6-P receptor and are transported by an unknown route to lysosomes. To learn more about the delivery pathway, we examined the fate of the phosphorylated oligosaccharides synthesized by a Man 6-P receptor-positive line of mouse Lceils. In contrast to the rapid degradation of the recognition marker previously observed in mouse lymphoma ceils (Gabel, C. A., D. E. Goldberg, and S. Kornfield. 1982. J. Cell Biol., 95:536-542), the number of high mannose oligosaccharides phosphorylated by the L-cells after a 30-min pulse labeling with [2-3H]mannose increased continuously during a subsequent 4-h chase period to a maximum of 9.3% of the total cell-associated structures. After 19 h of chase the absolute number of phosphorylated oligosaccharides declined, but the loss was accompanied by a general loss of cellular oligosaccharides such that 7.4% of the cell-associated high mannose oligosaccharides remained phosphorylated. The longevity of the Man 6-P recognition marker in the L-cells was verified by analyzing the ability of an individual acid hydrolase, #-glucuronidase, to serve as a ligand for the Man 6-P receptor. At least 60% of the steady state B-glucuronidase molecules isolated from the L-cells could undergo receptor-mediated endocytosis into enzymedeficient human fibroblasts. Dense lysosomal granules isolated by metrizamide gradient centrifugation from [3H]mannose-labeled L-cells were found to be highly enriched in their content of phosphomonoester-containing oligosaccharides. The data indicate that acid hydrolases may retain their Man 6-P recognition markers within lysosomes, and suggest the possibility that dephosphor~clation occurs at a nonlysosomal location through which the newly synthesized enzymes pass en route to lysosomes. TZR biosynthesis in the rough endoplasmic reticulum, newly synthesized acid hydrolases migrate to the Golgi apparatus where their high mannose oligosaccharides are phosphorylated to generate a common recognition marker, mannose 6-phosphate (Man 6-P) t (17, 21, 29, 30, 35, 39). In many cells, the phosphorylated oligosaccharides then mediate binding of the acid hydrolases to a 215-kD glycoprotein (the Man 6-P receptor) which is localized to the Golgi apparatus (4, 12) . Although the subsequent steps in the delivery process are unclear, it is generally believed that the receptor-ligand complexes migrate from the Golgi apparatus to lysosomes where the low pH stimulates dissociation and completes the delivery process. The unoccupied Man 6-P receptors then recycle to the Golgi apparatus to bind other ligands and the newly synthesized acid hydrolases, trapped t Abbreviations used in thispaper: Con A, concanavalin A; Endo H, endo-B-Nacetylglucosaminidase H; FBS, fetal bovine serum; Man 6-P, mannose 6-phosphate; MEM, minimum essential medium; Rec +, receptor-positive; TBS, Tris-buffered saline; TCA, trichloroacetic acid.
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Whereas the phosphorylation of newly synthesized acid hydrolases by UDP-Noacetylglucosamine/lysosomal enzyme N-acetylglucosaminylphosphotransferase seems to be a common step in the segregation of acid hydrolases to lysosomes, the involvement of the 215-kD Man 6-P receptor is less universal. We have previously identified several tissue culture cell lines that totally lack or contain very low levels of the receptor (10, 15) . Despite this deficiency, the cells target acid hydrolases to dense granules characteristic of lysosomes (10, 11) , which indicates that an alternate mechanism must exist by which the newly synthesized enzymes reach their destinations. An unusual feature of the Man 6-P receptor-deficient cells is that they retain the phosphorylated oligosaccharides synthesized after a pulse labeling throughout a subsequent 3-h chase (10) . This longevity is in sharp contrast to the situation in Man 6-P receptor-positive (Rec +) cells in which the Man 6-P recognition marker is rapidly degraded (9, 10) . Since the dephosphorylation is thought to occur in lysosomes (14, 34) , it was suggested that the Man 6-P receptor-independent targeting mechanism may give rise to lysosomes deficient in an acid phosphatase and that the different targeting mechanisms may result in the formation of unique populations of lysosprees (10) .
If multiple pathways exist for the delivery of acid hydrolases to lysosomes, then it would be expected that some cells may simultaneously use more than one pathway. In this report we present evidence consistent with this hypothesis by showing that a line of mouse L-cells contains the Man 6-P receptor yet demonstrates characteristics of receptor-deficient cells. In particular, the cells show a steady state accumulation of acid hydrolases that contain the Man 6-P recognition marker in dense lysosomal-type structures. The results demonstrate that residence within lysosomes is not sufficient for destruction of the Man 6-P recognition marker and raise the possibility that the dephosphorylation observed when enzymes are transported via the Man 6-P receptor occurs at a nonlysosomal location.
Materials and Methods

Cell Maintenance and Metabolic Labeling
All cells were maintained in a-minimum essential medium (MEM) that contained 10% fetal bovine serum (FBS). For metabolic labeling of the Rec + Lcells, confluent monolayers in 10-cm dishes were incubated in 5 ml of glucose/ bicarbonate-free MEM that contained 20 mM Hepes, pH 7, 10% dialyzed FBS, and 250 ~Ci of [2-3H]mannose (14 Ci/mmol, Amersham Corp., Arlington Heights, IL). After a 20-min labeling period at 37°C, the radioactive medium was removed and 10 ml of complete MEM that contained 10% FBS was added. The cells were chased at 37"C for the indicated times after which the medium was recovered and the cells were scraped from the dish, collected by centrifugation, and frozen in a dry ice-ethanol bath.
Glycopeptide Analysis
The proteins present in the chase medium were precipitated with 10% trichloroacetic acid (TCA), and both the TCA precipitates and the frozen cell pellets were suspended in 2 ml of 0.1 M Tris, pH 8, that coqtained 20 mM CaCI2, 0.2 M glucose 6-phosphate, and 5 mg/ml of pronase (Caibiochem-Behring Corp., La Jolla. CA). The suspensions were incubated overnight at 56"C, then boiled for 3 rain, clarified by centrifugation, and the resulting supernatants were applied to a Sephadex G-25 column. The excluded glycopeptides were dried by rotary evaporation under reduced pressure, dissolved in 2 ml of 10 mM Tris, pH 8, 0.15 M NaCI, 1 mM MgC12, 1 mM CaCI2, 0+01% NaN3 (Tris-buffered saline [TBS] ), and applied to a 2 ml column of concanavalin A (Con A)-Sepharose equilibrated in TBS. The columns were eluted sequentially with 10 mM a-methylglucoside in TBS and 100 mM a-methylmannoside in TBS at 56°C as previously described (5) . The glycopeptides that eluted with a-methylmannoside were desalted by Sephadex G-25 chromatography, then digested with 1.5 mU of endo-/~-N-acetylglucosaminidase H (Endo H; Miles-Yeda Laboratories, Rehovot, Israel) in 0.06 ml of citrate-phosphate buffer, pH 5.6. The Endo H digests were diluted with 1 ml of 2 mM ammonium acetate, pH 5.3, and applied to QAE-Sephadex columns (5 ml) equilibrated in 2 mM ammonium acetate. Bound oligosaccharides were eluted using a 200 ml linear gradient of ammonium acetate, pH 5.3, from 2 to 350 mM in acetate (37). The regions of the gradient that contained peaks of radioactivity were pooled, dried by rotary evaporation, and the negatively charged oligosaecharides were deionized by application to l-ml columns of AG 50W-X8 cation exchange resin and elution with 10 ml of H20. The purity of the phosphorylated oligosaccharides within the various fractions was assessed as previously described (9) .
Man 6-P Receptor Assay
Rec + and receptor-deficient L-cells were detached from dishes (one T-75 flask of each) and collected by centrifugation. The cell pellets were resuspended in 3 ml of 0.1 M Tris, pH 8, 5 mM phosphate, 0.17 trypsin inhibitory units (TIU) of Trasylol (Sigma Chemical Co., St. Louis, MO), 1 mg/ml bovine serum albumin (BSA), 10 mM Man 6-P, and sonicated for three, 10-s bursts on a probe sonicator. The sonicates were centrifuged for 30 min at 30,000 rpm in a Ti40 rotor, and the resulting microsomal pellets were washed with saponin and Man 6-P as previously described (10) . Dictyostelium discoideum ~-hexosaminidase was purified and iodinated with Nat2SI (Amersham Corp.), and the membrane binding assay was performed as previously detailed (10) .
Receptor-mediated Endocytosis
BW 5147 mouse lymphoma and Rec + L-cells ( 1-2 x 108) were harvested from suspension cultures. The cell pellets were washed twice with PBS and suspended in 2 ml of MEM that contained 50 mM Hepes, pH 7, 0.23 TIU/ml Trasylol. The cell suspensions (on ice) were vigorously sonicated by three 10-s bursts of a probe sonicator. The sonicates were clarified by centrifugation (30,000 rpm in a Ti40 rotor for 45 min), and the supernatants were recovered and used as a source of #-glucuronidase in the uptake studies.
~-Glucuronidase--deficient human fibroblasts (GM2784 obtained from the Human Genetic Mutant Cell Repository, Camden, N J) were grown as confluent monotayers in 35-ram multi-well dishes. Aliquots of the total cell sonicates were diluted with MEM that contained 10% heat inactivated FBS, filter sterilized, and added (2 ml/well) to the fibroblasts in the presence and absence of 5 mM Man 6-P. After uptake the medium was removed, and the cells were rinsed three times with 1 ml cold PBS that contained 3 mg/ml BSA and three times with PBS alone. Each well then received 1 ml of 0.1 M sodium acetate, pH 4.6, that contained 0.2% Triton X-100, 2 mg/ml BSA, and 1 mM 4-methylumbelliferyl-/~-D-glucuronide, and the plates were incubated at 37"C for 1 h+ The assays were stopped by the addition of 1 ml of 0.2 M sodium carbonate, the solutions were clarified by centrifugation, and the relative fluorescence in each fraction was determined. 1 U of B-glucuronidase is defined as that amount of enzyme required to produce 1 nmol of 4-mcthylumbelliferone per minute.
Metrizamide Gradient Centrifugation
Rec + L-cells were grown in T-150 flasks. One flask, which contained a confluent monolayer of cells, was incubated for 15.5 h in 25 ml of MEM that contained 10% FBS and 1 mCi of [2-3H]mannose. The medium was removed, and the cells were collected by centrifugation and resuspended in PBS. At this point, the labeled cells were combined with unlabeled Rec+ L-cells derived from two similar T-150 flasks. The cells were collected by centrifugation and were resuspended in 10 ml of 0.25 M sucrose and recentrifuged (1,000 rpm in an IEC centrifuge, International Equipment Co., Needham Heights, MA). The cell pellet was suspended in 8 ml of 0.25 M sucrose that contained l0 mM acetic acid, 10 mM triethanolamine, and 1 mM EDTA, pH 7.2; the solution was incubated for 10 min on ice after which the cells were lysed by 40 strokes of a type A pestle in a Dounce homogenizer. The lysate was centrifuged at 800 g for 5 min. The resulting supernatant contained 83 and 81%, respectively, of the total #-N-acetylglucosaminidase and #-glucuronidase activities.
A linear 30-ml gradient from 10 to 30% (wt/voI) metrizamide (Nyegaard Co., Oslo) in 0.25 M sucrose was prepared over a 3-ml cushion of saturated sucrose. 6 ml of the 800 g supernatant was applied to the gradient, and the tube was centrifuged for 2.5 h at 18,000 rpm in a VTi50 rotor. The gradient was separated into 20 fractions, and aliquots of each were assayed for various enzyme activities. #-N-Acetylglucosaminidase and fl-glucuronidase were assayed using the appropriate p-NO2-phenyl substrates (19) . Acid #-glycerophosphatase was determined using 20 mM #-glycerophosphate in 40 mM sodium acetate, pH 4.6, 0.2% Triton X-100; the reaction was stopped by the addition of TCA to 7.5% (wt/vol), the solution was clarified by centrifugation, and the amount of inorganic phosphate within the supernatant was determined as described (1) . Galactosyltransferase was determined using [3H]UDP-galactose (2); due to endogenous 3H-labeled radioactivity associated with the fractions, the assay was modified as previously described (17) .
Results
Demonstration That Mouse L-Cell Lines Differ in Man 6-P Receptor Activity
In a previous report we presented evidence indicating that a line of mouse L-cells is deficient in the Man 6-P receptor (10). Because many independent L-cell populations exist, we have subsequently screened several additional lines for receptor activity using a radioactive ligand and a membrane binding assay (10). As expected, membranes isolated from the Man 6-P receptor-deficient mouse L-cells bound little of the Figure I . Receptor-mediated internalization of acid hydrolases. D. discoideum cells were differentiated in suspension culture, and the medium was collected as previously described (10) . ~-N-Acetylglucosaminidase was recovered from the medium by adsorption to DE-52 cellulose and was partially purified by Sephacryl $200 chromatography. 4 #g of the enriched enzyme preparation was diluted with 2 ml of MEM, 10% FBS (_+ 5 mM Man 6-P) and applied to Rec ÷ L-cells attached to glass coverslips. The cells were incubated for 16 h at 37"C then washed with PBS, fixed with 3% paraformaldehyde, and permeabilized with 1% TX-100 as previously described (32) . The distribution of the cell-associated ligands was determined by immunofluorescence microscopy using a rabbit antiserum that recognizes the slime mold enzymes (a gift of Dr. Richard Kessin, Columbia University) and rhodamine-labeled goat anti-rabbit IgG. A and C show fluorescent micrographs of Rec + L-cells after incubation with the ligand in the absence and presence of Man 6-P, respectively; B shows the corresponding phase contrast micrograph of the cells shown in A. Bar, 3 #m. Man 6-P 6,980 218 Glu 6-P 7,864 secreted acid hydrolases (these enzymes possess a modified form of the Man 6-P recognition marker and bind specifically to the Man 6-P receptor [6, 8] ), were internalized by the Rec ÷ L-cells, and localized into vesicular structures characteristic oflysosomes. The cellular accumulation of the hydrolases was prevented by the addition of Man 6-P (Fig. 1C) , which indicates that their internalization is dependent upon the Man 6-P receptor.
Rec ÷ L-cells --54,674 Man 6-P 6,383 48,291 Glu 6-P 42,208
Man 6-P receptor activity was assayed as previously described using t2sI-/~-hexosaminidase as ligand (10) . In each assay, 50 ~g of membrane protein was added and the inhibitors Man 6-P or glucose 6-phosphate (Glu 6-P) were present at 5 mM when indicated. Each value listed is an average of two separate determinations. Rec-, receptor-deficient.
[125I]~-hexosaminidase ligand and the binding that occurred was not blocked by Man 6-P (Table I ). In contrast, membranes prepared from a separate line of mouse L-cells bound eightfold more of the ~25I-ligand, and the binding was reduced in the presence of Man 6-P to a level comparable to that observed using membranes isolated from the Man 6-P receptor-deficient line. Importantly, glucose 6-phosphate, which is a poor competitive inhibitor for the Man 6-P receptor (23) , reduced the amount of [~25I]~-hexosaminidase bound by only 23%. Thus, the specific Man 6-P inhibitable binding of the [~25I]~-hexosaminidase ligand indicates that the second population of L-cells contains the Man 6-P receptor. 2 Rec ÷ L-cell Man 6-P receptors are present at the cell surface where they participate in the endocytosis of ligands that contain the Man 6-P recognition marker. As shown in Fig. I A, D. discoideum 2 The ligand used in these studies was isolated from the slime mold D. discoideum and is known to bind to the 215-kD Man 6-P receptor. This ligand, however, does not bind to the 46-kD cation-dependent protein recently described Hoflack and Kornfeld (22) .
Pulse-Chase Analysis o f the Phosphorylated Oligosaccharides Synthesized by the Rec + L-cells
The Rec + L-cells were pulse-labeled for 20 min with [2-3H]mannose and chased for various periods of time in the absence of the 3H-labeled monosaccharide. At the end of the chase, glycopeptides were isolated from the cell and medium fractions, and the distribution of the incorporated radioactivity was determined as a function of the time of chase. As shown in Table II , after 1 h of chase only 5% of the total radioactivity (cell plus medium) was recovered in the medium. With increasing times the cell-associated radioactivity declined while the absolute amount of radioactivity in the medium gradually increased; by 19 h of chase, the radioactivity in the medium represented 21% of the total. The cell-associated glycopeptides were fractionated on Con A-Sepharose to isolate those structures that contained high mannose-type asparagine-linked oligosaccharides. Previous studies have established that only high mannose oligosaccharides on lysosomal enzymes are phosphorylated (26, 28, 36, 38) . Table II shows that both the absolute amount and the percentage of [3H]mannose-labeled radioactivity eluted with a-methylmannoside (this peak is known to contain the high mannose-type units [5] ) declined with increasing time of chase. High mannose oligosaccharides are the precursors to complex-type structures (glycopeptides that contain complextype oligosaccharides either do not bind to Con A-Sepharose or bind and elute with a-methylglucoside [5] ), and mannose Cells were labeled with [2-3H]mannose for 20 min and chased for the times indicated. Glycopeptides were generated by pronase digestion of the cells and of the proteins precipitated with TCA from the medium. The cell-associated glycopeptides were applied to Con A-Sepharose and the columns were eluted with TBS (Peak I), 10 mM a-methylglucoside (Peak II), and 100 mM a-methylmannoside (Peak III). residues are lost during the maturation process (25) . The loss of total radioactivity from the cells during the chase, therefore, reflects a combination of the mannose processing, secretion, and protein turnover. The oligosaccharides eluted from Con A-Sepharose with a-methylmannoside were fractionated by QAE-Sephadex chromatography to separate the various phosphorylated species (37). Fig. 2 shows the column profiles of the cell-associated high mannose oligosaccharides. At each time point, the majority of the radioactivity eluted as neutral oligosaccharides that did not bind to QAE-Sephadex; this is expected since lysosomal enzymes comprise a small percentage of the cell's total complement of glycoproteins that contain asparaginelinked oligosaccharides. After the 1-h chase, a large peak of radioactivity eluted as oligosaccharides that contained a single phosphodiester (1PD), and lesser amounts of radioactivity were recovered in the positions expected for oligosaccharides that contained one phosphomonoester (1PM), two phosphodiesters (2PD), and two phosphomonoesters (2PM) (Fig. 2) . With increasing time of chase two significant aspects in the QAE-Sephadex profiles became apparent. First, the amount of radioactivity recovered as negatively charged species did not decline but, rather, gradually increased to a maximum of 12% of the total radioactivity recovered after 4 h. Only after the 19-h chase was there an actual decline in the amount of radioactivity that eluted as negatively charged oligosaccharides. Second, the major peaks of radioactivity detected at the later time points eluted in the positions expected for oligosaccharides that contained either one or two phosphomonoesters.
The various peaks of radioactivity were pooled, and the purity of each fraction was determined as outlined in the Materials and Methods section. Sialylated hybrid-type oligosaccharides also separate under the conditions used to isolate the phosphorylated units (37); the total radioactivity binding to QAE-Sephadex is, therefore, an overestimate of the phosphorylated oligosaccharides. Table III presents a summary of the amount of radioactivity recovered in the four major species of phosphorylated oligosaccharides after correcting for the purity of each peak. The absolute amount of radioactivity recovered as phosphorylated units increased during the first 4 h of chase, while the total radioactivity associated with high mannose-type structures declined. As a result, the radioactiv- The peaks of radioactivity recovered from the QAE-Sephadex columns were assayed for their content of phosphorylated oligosaccharides that contained 1 phosphodiester (1PD), I phosphomonoester (1PM), 2 phosphodiesters (2PD), or 2 phosphomonoesters (2PM) as previously described (9) . Oligosaccharides suspected of containing phosphomonoesters were treated with E. coli alkaline phosphatase, and the percentages of the molecules dephosphorylated by the enzyme were determined by QAE-Sephadex chromatography. In the case of the oligosaecharides suspected of containing phosphodiester groups, the molecules were subjected to mild acid hydrolysis then chromatographed on QAE-Sephadex; mild acid hydrolysis destroys the phosphodiester linkage and the resulting monoester-containing oligosaccharides bind more tightly to QAE-Sephadex and require higher NaCI concentrations for elution (9) . The corrected values for the four phosphorylated species are indicated.
ity recovered as phosphorylated species rose from 4.3% of the total after the l-h chase to 9.3% after 4 h of chase; this is consistent with phosphorylation being a posttranslational event (16) . After the 19-h chase, the absolute amount of radioactivity recovered as phosphorylated species declined. This loss was paralleled by a decrease in total radioactivity recovered as high mannose oligosaccharides such that 7.4% of the radioactivity persisted in phosphorylated structures. Secretion did not account for the loss as few phosphorylated oligosaccharides were isolated from the TCA-precipitated medium glycoproteins; for example, <6 and 11% of the total oligosaccharides that contained two phosphomonoesters were recovered in the medium after the 4-and 19-h chase periods, respectively. Interestingly, the loss of phosphorylated oligosaccharides did not occur uniformly for each of the four species. In particular, the number of oligosaccharides that possessed two phosphomonoesters declined more rapidly than those that contained one phosphomonoester. As shown in Table III , after 4 h of chase equal amounts of radioactivity were recovered as the one and two phosphomonoester species. However, after 19 h of chase three times the amount of radioactivity eluted with oligosaccharides that possessed one phosphomonoester as compared to those with two phosphomonoesters. The significance of this differential loss is unclear, but may suggest that the loss of the phosphates from oligosaccharides that contained two phosphomonoesters proceeds stepwise, with the one phosphomonoester species persisting as a long-lived intermediate.
Man 6-P Receptor-mediated Endocytosis of Acid Hydrolases
To determine if an individual acid hydrolase isolated at steady state from the Rec + L-cells retained the Man 6-P recognition marker, a cell extract that contained /3-glucuronidase was applied to enzyme-deficient human fibroblasts (18, 21). As shown in Fig. 3 , when 0.25 U of ~-glucuronidase isolated from the Rec + L-cells was applied to the fibroblasts, >40% of the activity became cell-associated. In the presence of 5 mM Man 6-P the uptake was inhibited, which indicates that the molecules were being internalized via the Man 6-P receptor. When the amount of Rec + L-cell ~-glucuronidase was increased, more absolute activity was internalized, but the percentage of the input molecules that internalized decreased (Fig. 3) . This suggests that the total ligand added (~-glucuronidase is only one of many acid hydrolases present in the extract) was near the concentration necessary to saturate the cell surface receptor molecules. In contrast to the enzyme isolated from the Rec ÷ L-cells, <1% of the steady state /~-glucuronidase molecules isolated from BW 5147 mouse lymphoma cells were internalized via the fibroblasts (Fig. 3) . This is expected since these cells have previously been shown to rapidly degrade the Man 6-P recognition marker (9) .
In a separate experiment the fibroblasts were allowed to internalize the Rec ÷ L-cell acid hydrolases for longer periods of time. As shown in Table IV , the amount of~-glucuronidase activity recovered in the medium decreased for each of the first 2 d of the experiment, but little change occurred during the final 24 h of the incubation. In the presence of Man 6-P the uptake into the cells was blocked as >83% of the input activity was recovered in the medium. Because the fibroblasts did not remove additional activity during the final 24 h of the experiment and a comparable percentage of activity was lost from the medium at both levels of input, 55-60% of the steady state/~-glucuronidase molecules isolated from the Rec ÷ L-cells must contain the Man 6-P recognition marker. Therefore, the persistence of the phosphorylated high mannose oligosaccharides observed during the pulse-chase analysis correlates well with the high level of steady state/~-glucuronidase molecules that possess the Man 6-P recognition marker. B-Glucuronidase-deficient human fibrobIasts were incubated wiIh either 13.3 or 0_6 U of O-glucuronidase isolated from the Rec ÷ L-cells. Incubations were carried out in individual multi-well plates in the absence or presence of 5 mM Man 6-P, After the initial 19 h of incubation, the wells not harvested received 13. I ml of either complete MEM, 10% FCS, or complete MEM, 10% FCS that contained 100 mM Man-6-P to supplement the initial Man 6-P added. The values reported in the absence of Man 6-P are averages of duplicate determinations, whereas those in the presence of Man 6@ are single measurements. The loss of activity from the medium was paralleled by an increase in the amount of cell-associated activity. A loss of total activity (cell plus medium) occurred, however, during the longer times in the absence of Man 6-P such that only 70% of the input activity was recovered after 67 h. This loss presumably results from degradation of the endocytosed molecules and, therefore, only the values for the activity remaining in the medium have been presented,
Density Gradient Centrifugation o f Rec ÷ L-Cell Lysosomes
Previous studies that examine the targeting of acid hydrolases have indicated that the molecules begin to reach lysosomes within 1-4 h of their biosynthesis (11, 13, 33). To determine whether the steady state molecules that possess the Man 6-P recognition marker reside within lysosomes, the Rec + L-cells were grown in the presence of [2-3H]mannose, and a homogenate of the labeled cells was separated by density gradient centrifugation. Fractions collected from the gradient were then assayed for several marker enzyme activities. Fig. 4A shows the distribution of three acid hydrolases across the gradient: ~-giycerophosphatase, fl-N-acetylg~ucosaminidase, and #-glucuronidase. The three activities parallel each other and were recovered in two major peaks; a dense peak between fractions 2 and 7, and a light peak between fractions 9 and 13. A similar bimodal distribution of acid hydrolase activity has been observed after density gradient centrifugation of extracts of other cell types (10, 31) ; the difference between the heavy and light lysosomes is unknown. The distribution of radioactivity across the gradient is shown in Fig. 4B ; the largest peak of radioactivity co-sedimented with the light peak of acid hydrolase activity. In contrast, galactosyltransferase, a Golgi apparatus-associated enzyme (17) , was recovered predominantly in fractions 14-16. Fractions from the gradient that correspond to the three regions detected by the enzyme assays were pooled as indicated in Fig. 4A . The high mannose oligosaccharides recovered in each region were then analyzed by QAE-Sephadex chromatography as shown in Fig. 5 . Negatively charged oligosaccharides were recovered in each region from the gradient, with Pool B containing the highest absolute amount. Importantly, radioactivity recovered in Pool A (which corresponds to the dense peak of lysosomal enzyme activity) eluted as expected for oligosaccharides that contained either one or two phosphomonoesters; 9.8% of the total radioactivity as- sociated with the high mannose oligosaccharides in Pool A eluted as the phosphomonoester-containing species. In contrast, the phosphomonoester peaks accounted for only 3.5 and 2.8% of the radioactivity associated with the high mannose oligosaccharides recovered in Pools B and C, respectively. Thus, the dense lysosomal granules isolated by metrizamide gradient centrifugation are highly enriched in their content of phosphorylated acid hydrolases. Moreover, although we cannot exclude the existence of separate granules, the results suggest that the phosphorylated oligosaccharides persist within the lysosomes despite the co-presence of an acid 13-glycerophosphatase activity (Fig. 4A) .
Discussion
The present studies were prompted by a previous report in which it was noted that cell lines that contain the 215-kD Man 6-P receptor rapidly remove the phosphate from newly synthesized phosphorylated oligosaccharides, whereas receptor-deficient cells appear less efficient in their dephosphorylation capacity (10) . For example, after a pulse-labeling of Rec + BW 5147 mouse lymphoma cells, the Man 6-P recognition marker was lost from total cellular oligosaccharides with a t,/, of 1.4 h (9). In contrast, the newly synthesized phosphorylated oligosaccharides produced by receptor-deficient MOPC 315 mouse plasmacytoma ceils appeared stable in a similar pulse-chase analysis (10) . The significance of this correlation between the receptor's presence and dephosphorylation of the oligosaccharides is unclear, but it was suggested that the Man 6-P receptor-dependent and independent targeting of acid hydrolases may result in the formation of unique lysosornal granules (10) . Fig. 3A , the included proteins were precipitated with 10% TCA, and the precipitates were digested with pronase. The glycopeptides contaming high mannose-type oligosaccharides were isolated by Con ASepharose chromatography, digested with Endo H, and the released oligosaccharides were applied to a column of QAE-Sephadex and eluted with a linear gradient of ammonium acetate. The chromatograms show the distribution of the [~H]mannose-labeled oligosacchatides recovered from the dense peak of lysosomal enzyme activity (Pool A), the light peak of Iysosomat enzyme activity (Pool 23) , and the region of the gradient that contained galactosyltransferase (Pool 6-'). The elution position of neutral high mannose oligosaccharides (N) and oligosaccharides that contained 1 phosphodiester (1PD), 1 phosphomonoester (IPM), and 2 phosphomonoesters (2PM) are indicated in the upper panel. The break in the ordinates represents a shift between two linear scales.
The Rec ÷ L-cells studied in this paper contain the Man 6-P receptor, yet do not effectively degrade the newly synthesized Man 6-P recognition marker; as such, they represent an exception to the correlation noted above. Pulse-chase analysis of the Rec + L-cells indicated that the phosphorylation of newly synthesized glycoproteins continues for several hours after their biosynthesis. Despite the decline in the total (cell plus medium) glycoprotein-associated radioactivity during the chase, the absolute number of phosphorylated oligosaccharides gradually increased to a maximum level after 4 h when they represented 9.4% of the cell-associated high mannose oligosaccharides. Due to the slow kinetics of the posttranslational phosphorylation, it is impossible to know whether some molecules were dephosphorylated during this time. After a 19-h chase period an overall decrease in the number of phosphorylated oligosaccharides occurred. There was, however, a concurrent decrease in the total number of high mannose oligosaccharides such that a high percentage of the molecules remained phosphorylated (7.4%). The long term loss of phosphorylated species from the Rec ÷ L-cells, therefore, parallels general glycoprotein turnover.
The unusual accumulation of oligosaccharides that contained phosphomonoesters observed in the pulse-chase analysis was independently verified by analyzing the capacity of steady state acid hydrolases to serve as ligands for the Man 6-P receptor. Endocytosis into human fibroblasts via the cell surface Man 6-P receptor requires that the ligand possess the Man 6-P recognition marker (21, 23) . #-Glucuronidase isolated from a total s0nicate of the Rec ÷ L-cells was a very efficient ligand for the receptor; at least 60% of the molecules could undergo endocytosis. In contrast, 3-glucuronidase isolated from mouse lymphoma cells was a very poor ligand for the receptor-mediated uptake process. Brot and co-workers (3) previously reported that #-glucuronidase isolated from human tissues varied greatly in its ability to undergo receptormediated endocytosis. To our knowledge, the preparation of #-glucuronidase isolated from the Rec + L-cells contains more of the high uptake form of the enzyme than any source previously described.
These findings raise an interesting question concerning the intracellular site at which dephosphorylation occurs. It has generally been assumed that the Man 6-P recognition marker is destroyed by a resident acid phosphatase after entry of the acid hydrolases into lysosomes (14, 34) . Several previous studies, however, have presented data inconsistent with this hypothesis. For example, Hasilik and Neufeld (20) noted that newly synthesized 32p-labeled 3-hexosaminidase remained phosphorylated after its proteolytic maturation. Since the proteolysis is thought to occur in lysosornes (7), it is likely that the mature phosphorylated molecules were intralysosomat. In addition, Miller and co-workers reported that a purified population of lysosomes isolated by free flow electrophoresis contained high uptake forms of #-hexosaminidase (27) .
While lysosomes may be the site of dephosphorylation for some acid hydrolases, the Rec + L-ce~s analyzed in this study clearly contain a class of granules where this is not occurring. Dense lysosomes isolated from these cells were enriched in oligosaccharides that possess phosphomonoester groups. As such, the acid hydrolases within these granules must remain phosphorylated. It is interesting to note that an acid #-glycerophosphatase activity co-sedimented with the dense lysosomal granules. If this enzyme resides within the same granules as the phosphorylated acid hydrolases, then the phosphatase must be incapable of degrading the Man 6-P recognition marker either because of its specificity or because of the presence of an inhibitor. Not all phosphatases can act upon Man 6-P; for example, uteroferrin (which is believed to be a lysosomal phosphatase [26]) cannot use the sugar phosphate as a substrate (24) . It is possible that the Rec ÷ L-cells (and the Man 6-P receptor-deficient cell lines previously described [10] ) simply lack an appropriate acid phosphatase activity within their lysosomes. Alternatively, when the newly synthesized acid hydrolases are dephosphorylated it is possible that the reaction occurs at a nonlysosomal site through which the enzymes pass during their transport from the endoplasmic reticulum to lysosomes. As such, the variability observed in the stability of the Man 6-P recognition marker between different cells and tissues (3) may reflect a differential passage of the acid hydrolases through the intracellular compartment that contains the processing phosphatase. Although more work is needed to define both the phosphatase and the site of dephosphorylation, the present results demonstrate that residence within lysosomal granules is not sufficient for destruction of the Man 6-P recognition marker.
